Abstract. The performance of dielectric barrier discharge (DBD) plasma actuators on controlling the flow separation of NACA0015 airfoil was investigated in a low-turbulence and low-speed wind tunnel. The smoke flow visualization was applied to reflect the modification of the flow over the airfoil controlled by the plasma actuators. Lift and drag were measured by the pressure distribution on airfoil surface with electronic pressure scanners to investigate the separation control effect of the pulse frequency and actuator position. The results show that the plasma actuators can effectively suppress the flow separation and make the flow reattach to the surface. The plasma actuation increases the angle of the attack of the flow reattachment by 5° at the free-stream velocity of 15m/s. With the same input power of the plasma actuators, the flow control effect will be better when the actuator pulse frequency increases.
Introduction
As an important branch of aerodynamics, flow control is to change the flow field structure to make the flow develop in a desired direction, such as controlling the turbulent transition, changing the turbulence and controlling the flow separation. In addition to reducing drag and increasing lift of the aircraft, the flow control has great application potential in reducing chattering, reducing noise, improving maneuverability and engine inner flow control [1] . The passive flow control methods such as wing fence and vortex generators are pre-set., and the desired control effect cannot be achieved when the actual flow deviates from the designed states, so it is difficult to make a breakthrough in improving the flight efficiency and performance of the aircraft.
Active flow control, including micro-jet [2] , synthetic jet [3] and plasma actuation, inputs a small amount of energy in the local area to generate appropriate disturbances in boundary layer to achieve the local and global flow field control. And with the development of the micro-electro-mechanical system (MEMS), the active control can sense and predict the change of flow state, and adjust the control behavior in real time as the flow field state changes [4] . So the active flow control has become an important research field in fluid mechanics study [5] . Plasma flow control, which has the advantages of less input energy, light structure and flexible control, has received much attention in recent years. The dielectric barrier discharge (DBD) plasma is the common one and a DBD plasma actuator consists of two parallel electrodes that are located on the surface separated by the insulating layer. A high-frequency and high-voltage alternating current is supplied to the electrodes to generate ionized air (plasma), then the plasma moving in the electric field produced by the parallel electrodes results in the jet parallel to the surface. In this way, the DBD plasma actuators can effectively change the flow field structures of the boundary layer to control boundary layer separation and transition and increase the lift and decrease the drag in the meantime [6] . In recent years, there are a lot of researches focusing on plasma control, such as the boundary layer control [7, 8] , flow separation control [9, 10] , turbine cascade separation control [11] and so on. Malik M et al. [12] firstly used the corona discharge to control the boundary layer flow of the plate. The drag of the plate can be reduced by 20% when the driving voltage is 15kV with the free-stream velocity of 30m/s. Patrick Nguyen Huu et al. [13] found that the actuators could create vortex and increase the lift up to 10% when the free-stream velocity is 20m/s. Roth J R et al. [14] placed the DBD plasma actuator array on the flexible polyimide plate to control the flow separation of the NACA0015 airfoil. The experiments showed that the actuator located at the leading edge of the wing can be used to reattach the flow at the free-stream flow rate of 2.85m/s, and the stall angle of attack increased by 5° when the actuator worked.
In this paper, the smoke flow visualization is applied to reflect the modification of the flow structure over the NACA0015 airfoil by DBD plasma actuators. Lift and drag are measured by the pressure distribution on airfoil surface with electronic pressure scanners to investigate the separation control effect of the pulse frequency and actuator position.
Experimental Setup Wind Tunnel
The experiment is carried out in a low-turbulence and low-speed open-circuit wind tunnel. The main parts of the wind tunnel include stable section, contraction section, test section, diffuser section and engine section as shown in Fig. 1 . The wind speed designed for the test section is from 5m/s to 75m/s, and the test section is 1.2m high, 1.2m wide and 3.5m long. The junction of the fan in the engine section with the tunnel structure is made of flexible material, which can prevent the resonance and reduce noise. And the muffler and anechoic wall are installed at the inlet and outlet of the wind tunnel, so the running noise is less than 55 decibels. There are 10 layers of deflector nets in the stable section, and the shrinkage ratio of the contraction section is 14.8. The turbulence in the center of the test section is less than 0.05% in conventional conditions. 
Airfoil Model
The test model is a two-dimensional NACA0015 airfoil model, consisting of the airfoil surface, support rod and the pressure tapping holes connected to the electronic pressure scanners with tubes. The airfoil has a 600mm span and a 600mm chord, and the maximum thickness is 90mm located at 180mm from the leading edge. The airfoil model is made of transparent plexiglass with 6 supporting frames in it. The photograph of the model is shown in Fig. 2 . In the experiment, the pressure tapping holes used are distributed in the central section of the model to eliminate the effect of the end surface. There are 61 pressure tapping holes in the upper and lower surface of the airfoil and the axis of the holes are perpendicular to the tangent of the airfoil. The distribution of pressure tapping holes is shown in Fig. 3 . 
Plasma Actuators
The plasma actuator consists of two parallel electrodes separated by the 1mm thick insulating Teflon layer. The electrodes are made of 0.03mm thick copper electrode and the upper electrodes is arranged along the wingspan with a length of 18mm and a width of 2mm. The actuators are embedded on the model in the positions of 0.1, 0.3, 0.5 of the chords from wing leading edgy to keep the surface smooth and flush, as shown in Fig. 4 . The CTP-2000K/P power supply equipped with PC-07 digital pulse modulator is used to supply control input which can reduce the heat energy of actuators and adjust power in a wide range with the efficiency above 90%. 
Data Acquisition and Control System
The electrical factors of the power supply are measured by the UTD-2025CL oscilloscope and the pressure distribution of the airfoil model is investigated with the DTC-Initium electronic pressure scanner in 63 channels with the sampling error of ±0.05%. The range of the angle of the attack in the experiment varies from 0° to 30° controlled by the servo motors in wind tunnel.
Flow Visualization
The smoke flow visualization is applied to reflect the modification of the flow field over the NACA0015 airfoil model. The flow visualization system includes smoke generator, smoke tube, laser system, and high-speed camera. The smoke tube is designed in wing profile and set away from the upstream of the airfoil model to minimize the impact on the airflow, as shown in Fig. 5 . 
Results and Discussion
The free-stream velocity is 15m/s and the Reynolds number is 5.8×10 5 in the experiment. The airfoil attack angle changes from 0° to 30°. There is no evident flow separation at the angle of attack less than 23°. Then the angle increases to 23°, a wide range of flow separation occurs on the suction surface of the airfoil, forming a free shear layer that leaves the airfoil surface, and the vortexes generated due to the instability of the shear layer, as shown in Fig. 6(c) . After applying the plasma actuation in x/c=0.1 position, with 10kV voltage, 8.5kHz base frequency AC added with 200Hz pulse and 20% duty cycle square wave, the flow separation is controlled and the vortexes disappear. The airflow above the airfoil surface transforms from separation to reattachment, as shown in Fig. 6(d) . The separation point moves to the trailing edge of the airfoil under the plasma control at the angle of attack 26°, as shown in Fig. 6(j) , the separation area decreases and majority of the airflow is attached to the airfoil suction surface, which means the plasma actuator is still effective. When the angle of attack increases to 27°, the flow cannot be attached to airfoil surface even after the plasma actuation is applied, so the plasma actuator has no effect on the flow separation if the attack angle exceeds 26°.
The lift coefficients of the airfoil versus angle of attack controlled by the plasma actuator present the same results in Fig. 7 . Without control, the flow separates at an angle of 23°, which is observed as a sharp decrease in lift. And the plasma actuator is able to reattach the flow for the angle of attack up to 26°, which is 4° higher than the normal stall angle. The maximum lift coefficient of the airfoil under the plasma actuation is increased by 21% from 0.79 to 1.0. 
The Effect of Pulse Frequency
The experiments have been done for different pulse frequency in the x/c=0.3 position. The output voltage of the power supply is 10kV peak to peak and 7.5W in power, and the base frequency is 8.5kHz AC added with 20% duty cycle square wave. The pulse frequency of the square wave changes among 200Hz, 400Hz, 600Hz and 1000Hz. The lift coefficients are shown in Fig. 8 . At the attack angle of 22°, the flow over the airfoil naturally separates from surface and the lift coefficient decreases. When the plasma actuator works, the flow reattaches to the airfoil surface, and there is a large increase in the lift coefficient figure. And the stall angle is increased by 4° at the frequencies of 200Hz, 400Hz and 600Hz, while the stall angle is increased by 5° at the frequency of 1000Hz. Moreover, the control effects at the frequencies of 200Hz, 400Hz and 600Hz are not significantly different as the angle of attack is lower than 27°. The flow separates from the airfoil surface when the attack angle is 27° under the 200Hz, 400Hz and 600Hz plasma control, and applying the 1000Hz pulse signal can delay the generation of flow separation to 28°. Although there is no significant change in the output power of the power supply in the experiment, with the increase of pulse frequency from 200Hz to 1000Hz, the number of jets formed by the plasma in the electric field increases in unit time, resulting in the stronger macro wall jet and the better control effect. 
The Effect of Actuator Positions
The similar experiments have been done for different actuator positions. The output voltage of the power supply is 10kV peak to peak and 8W in power, and the base frequency is 8.5kHz AC added with 200Hz pulse and 20% duty cycle square wave. Three identical actuators are embedded on the airfoil model in the positions of 0.1, 0.3, 0.5 of the chords from the wing leading edgy. The lift coefficients with actuators working in different positions are shown in Fig. 9 . The effect of plasma actuating in different positions on the lift coefficient is not significant. The lift coefficient changes within 5%, and it can be considered that the position change of the actuators has little influence on the flow above the airfoil surface because the actuators are all working in the flow separation zone at the attack angle of 27°. 
Summary
The pressure distribution measurement and flow visualization experiments are carried out in the wind tunnel to investigate the influence of the DBD plasma actuators on the flow separation control of the NACA0015 airfoil. The results show that the plasma actuator generate jets parallel to the surface and inject energy into the bottom of the boundary layer. And the actuators can effectively suppress the flow separation over the airfoil and make the flow reattach to the surface at the free-stream velocity of 15m/s. The angle of the attack of the flow reattachment increases by 5°in the test case.
With the same input power of the plasma actuators, the flow control effect will be better if the actuator pulse frequency increases. And the influence of the actuator position changes on airfoil surface flow is insignificant and the change in lift is negligible when the actuators are working in the flow separation zone.
